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Abstract. Using first-principles density functional theory in the implementation of
the exact muffin-tin orbitals method and the coherent potential approximation, we
studied the surface energy and the surface stress of the thermodynamically most stable
surface facet (100) of the homogeneous disordered body-centred cubic iron-chromium
system in the concentration interval up to 20 at.% Cr. For the low-index surface facets
of Fe and Cr, the surface energy of Cr is slightly larger than the one of Fe, while the
surface stress of Cr is considerably smaller than the one of Fe. We find that Cr addition
to Fe generally increases the surface energy of the Fe-Cr alloy, however, an increase of
the bulk amount of Cr also increases the surface stress. As a result of this unexpected
trend, the (100) surface of Fe-Cr becomes more stable against reconstruction with
increasing Cr concentration. We show that the observed trends are of magnetic origin.
In addition to the homogeneous alloy case, we also investigated the impact of surface
segregation on both surface parameters.
PACS numbers: 75.70.-i,75.50.Bb,68.35.bd,73.20.Qt
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1. Introduction
In recent years, iron rich Fe-Cr alloys, as the basis of ferritic (body-centred cubic (bcc)-
based) stainless steel, have attracted much scientific attention for their potential use
in the next generation fission and prospective fusion reactors [1]. Employed as first
wall and blanket material, or fuel cladding, this steel must withstand neutron-induced
radiation damage [2], e.g., swelling and void formation. Moderate Cr addition to bcc
Fe in the order of 10% most beneficially improves its swelling and irradiation creep
behaviour [3,4]. Chromium substitution is further known to influence other mechanical
properties such as the ductile-brittle transition temperature and radiation-induced
hardening [5]. The experimental corrosion resistance of ferritic steel in an oxidising
environment improves drastically if the bulk alloy concentration exceeds 9-13 weight
percent Cr and this self-healing protection attributed to the formation of a chromium
oxide scale [6, 7]. There is, however, a limit to the amount of Cr that may be added
to steels as the beneficial low corrosion rate is shadowed by the enhanced precipitation
of intermetallic phases which often degrade the mechanical properties of ferritic steel.
Moreover, it has also been recognised that alloying with additional elements further
increases the pitting and crevice corrosion resistance in certain aggressive environments,
e.g., molybdenum in chloride environments [8].
The surface of the bcc Fe-Cr system has often been used as the prototype reference
system to study the behaviour of surfaces of ferritic stainless steels. There is a
great deal of phenomenological modelling on the passivity of stainless steels [9–11],
while first principles investigations of surfaces focused on the atomic level behaviour
involving surface segregation and the surface magnetic structure for the technologically
relevant Fe-rich Fe-Cr alloys [12–20]. Understanding the aforementioned threshold
behaviour of the corrosion resistance and the particular role of Cr in the segregation
process has been a primary target for modelling. Experimental evidence indicates Cr
enrichment at the surface at high temperatures and bulk Cr concentrations larger than
13 at.% [21–24]. Recent ab initio calculations indeed predicted a sharp transition from
Cr-free to Cr enriched surfaces at around 9 at.% Cr in the bulk alloy [12–14], attributed
to complex magnetic interactions between ferromagnetically interacting Fe and anti-
ferromagnetically interacting Cr species, which are likely to govern many essential
characteristics of the Fe-Cr phase diagram below the Curie temperature [25].
Not much is known about the ferritic Fe-Cr system concerning two essential
macroscopic parameters that describe the thermodynamic properties of its crystalline
surface: surface energy and surface stress. That is surprising since the significance of
stress and strain effects on surface physics has been widely discussed [26–29]. The
equilibrium shape of mesoscopic crystals is the one that minimises its surface free
energy [30]. The surface energy is further of eminent relevance in connection to faceting,
roughening, crystal growth phenomena at surfaces and has been discussed in relation
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to segregation. There has been an increasing experimental and theoretical activity
to understand the importance of stress on many physical properties associated with
surface relaxation and reconstruction [31, 32], segregation [33], surface adsorption [34],
and its role in bottom-up self-organisation and surface melting [26]. On the other
hand, a theoretical study of surface parameters of crystalline surfaces of the individual
elements, Fe and Cr, was subject to a number of publications [35–39]. According to
the general expectation, surface stress of clean surfaces is tensile due to the increased
electron density within the surface layer. However, it was demonstrated recently [36,37]
that magnetism can overwrite this picture leading to exceptional, compressive surface
stresses as predicted for the thermodynamically stable surfaces of bcc Cr and cubic Mn,
though not in the case of bcc Fe. It is hence worthwhile to investigate the surface of
the bcc Fe-Cr system to gain information on its essential surface parameters keeping
in mind the presence of complex magnetic interactions in this alloy system that may
alter our expectation on their behaviours. In this context, it is important to mention
the particular role of ab initio calculations in the determination of surface parameters
since experimental methods to determine their absolute value often lack reliability and
accuracy [27, 28, 40–45].
This work deals with an ab initio determination of surface parameters for the
thermodynamically stable surface of bcc Fe-Cr ((100) facet) in the concentration range
of 0-20 at.% Cr. The paper is organised a follows: In Section 2 we briefly overview
the theory of surface energy and surface stress. Numerical details of our computation
are presented in Section 3. We discuss our results in Section 4 for two different surface
chemistries: a perfectly truncated bulk system without spacial concentration dependence
and a system involving surface segregation. The reason for the latter is to account for
the observed transition from Cr-free to Cr enriched surfaces around the aforementioned
threshold bulk Cr concentration.
2. Surface parameters
Surface energy and surface stress are two fundamental quantities to characterise the
macroscopic properties of surfaces. Qualitatively, the scalar surface free energy, γ, was
introduced by Gibbs as the reversible work per unit area to create a surface [27,28]. The
tensorial surface stress, τij, i, j = {x, y}, is the reversible work per unit area to stretch
a surface elastically in the surface plane which is here assumed to lie in the x-y-plane.
If γ < 0 for a particular surface of a solid, then this surface is unstable and the crystal
fragments spontaneously. Hence γ is positive for stable bulk systems. The components
of τ may be both positive (tensile surface stress) or negative (compressive surface stress).
Tensile surface stress on a surface favours smaller in-plane lattice constants than the
bulk value while a surface with compressive surface stress favours a larger one.
In ab initio total energy calculations, the surface energy is usually computed
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as [26–28],
γ =
Esurf −Ebulk
A
, (1)
where Esurf and Ebulk specify the energy of two semi-infinite bulk systems and the
infinite bulk system, respectively, normalised to the unit area A. Surface energies are
conveniently extracted from slab calculations and different procedures were proposed
to yield convergent numbers with the slab size [46–48]. In the present work, we model
the Fe-Cr system by considering two distinct subsystems: one that includes the surface
(surface subsystem) and one without (bulk subsystem). Due to the periodic boundary
conditions parallel to the surface, the size of the slab has to be converged with respect to
the thickness of the slab only. Here, we follow essentially [46] and derive both Esurf and
Ebulk from slabs with the same thickness characterised by the total number of layers,
n, taken as a multiple of the bulk equilibrium lattice parameter oriented normal to the
surface plane. In case of the surface subsystem, the slab consists of an atomic part with
thickness nm and vacuum which is needed to decouple the two surfaces of the slab from
another (across the vacuum). This surface-surface distance is denoted by nv. Since the
slab representing the surface subsystem contains two equal surfaces, a factor of one half
is added to (1) to yield the surface energy of one surface, viz.
γ =
Ensurf −
nm
n
Enbulk
2A
, (2)
where n = nm + nv, and both E
n
surf and E
n
bulk refer to the total energy of the n-layer
slab. Enbulk is scaled by a factor of nm/n to the correct number of atoms. Only geometry
relaxation in the direction perpendicular to the surface is allowed and may be included
in Ensurf as appropriate.
The surface stress tensor can be defined as the strain derivative of the surface energy
in the Lagrangian coordinate system (surface area A is standard state of strain) [26,49],
τij =
∂γ
∂ǫij
∣∣∣∣
ǫij=0
, (3)
where ǫij denotes the components of the strain tensor specifying an elastic in-plane
deformation of the surface. The τij ’s are evaluated at the unstrained state (ǫij = 0).
For a high-symmetry surface facet such as the bcc (100) facet, τxx = τyy, τxy = τyx = 0,
further assuming an isotropic distortion, ǫxx = ǫyy = ǫ (zero otherwise), and using the
surface energy from (2), we arrive at
τ ≡ τii =
1
4A
∂(Ensurf(ǫ)−
nm
n
Enbulk(ǫ))
∂ǫ
∣∣∣∣
ǫ=0
. (4)
A factor of 1/2 appears due to the applied isotropic strain. The previous equation is
conveniently [36, 37, 50–52] used to compute the surface stress from the elastic energies
of a surface subsystem and a bulk reference system employing slabs.
Numerically, the elastic energies in (4) are fitted to second order polynomial
functions with fit coefficients c and d as a function of strain,
Ensurf(ǫ)−E
n
surf = csurfǫ+ dsurfǫ
2 (5a)
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nm
n
(Enbulk(ǫ)− E
n
bulk) = cbulkǫ+ dbulkǫ
2. (5b)
The reference energies, Ensurf/bulk, are the energies of the unstrained surface and
bulk states. Assuming the previous fit functions, we may express τ by
τ =
csurf − cbulk
4A
. (6)
Although in theory cbulk ≡ 0 for bulk in equilibrium, it may be finite in calculations due
to numerical errors [37].
We conclude this section by mentioning the excess surface stress [27,28,53], |τ −γ|.
A larger value of the excess surface stress, |τ − γ|, indicates a higher tendency of a
surface towards reconstruction [53, 54].
3. Electronic structure calculations
Total energy calculations within the framework of density functional theory (DFT)
were done by means of the exact muffin tin orbitals (EMTO) method [55–57], which
is a screened Korringa-Kohn-Rostoker type of method [58–60] and solves the Kohn-
Sham equations in a Green’s function formalism. This enables us to compute the
electronic structure of substitutionally disordered alloys using the coherent-potential
approximation (CPA) [61–63]. The one-electron potential is represented by optimised
overlapping muffin-tin potential spheres describing more accurately the exact crystal-
potential compared to conventional muffin-tins or non-overlapping spherical symmetry
potentials [55, 64]. Combined with the full-charge density technique [65–68] for
total energy calculations, [55, 56] the EMTO method has proven to yield reliable
total energies and electronic structure in practise including the Fe-Cr system under
consideration [13,14,69–75]. The CPA, being a single-cite approximation to the impurity
problem, is a standard technique for electronic structure calculations in totally random
alloys, suited for the case of alloy components having similar sizes. Due to its single-
site nature, screening corrections to the potential and the total energy must be taken
into account which was done within the screened impurity model of Korzhavyi et al
[76–78]. The CPA cannot directly treat atomic short-range order (ASRO), which was
observed for the nearest neighbour coordination shell for the Fe-Cr system by means of
neutron-diffusive scattering [79,80]. Accordingly, there is a tendency to form an ordered
compound for Cr concentrations smaller than 11 at.% while larger Cr contents incline
short-range clustering. Recent studies by Mo¨ssbauer spectroscopy reported that the
ASRO inversion occurs at 6 at.% Cr [81, 82]. Inclusion of ASRO is, however, beyond
the scope of this work. We note in this context that the surface energy and the surface
stress are defined as excess quantities, i.e., contributions from the bulk part of the
surface subsystem and the bulk subsystem are expected to cancel each other out (e.g.,
ASRO) and only surface effects survive. To the best of our knowledge, there is neither
experimental nor theoretical evidence on ASRO at the surface of Fe-Cr.
Total energies in EMTO were obtained using the Perdew-Burke-Ernzerhof (PBE)
parametrisation [83, 84] of the exchange-correlation energy functional, while self-
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consistent charge densities were computed in the local-density approximation in the
parametrisation of [85]. Switching off gradient corrections to the exchange-correlation
potential is justified since functionals in the generalised-gradient approximation are
known to overestimate the magnetic moment of iron. This perturbative approach gives
accurate total energies which was also tested in the case of Fe-Cr [75, 86]. The EMTO
partial waves were expanded into s, p, d, and f orbitals, and the core states were
recalculated at each iteration step. Integration over the Brillouin zone was done on a
k-point grid of 15×15×1 points in case of the surface subsystem. A single k-point along
the short reciprocal lattice vector (corresponding to the direct lattice vector parallel to
z) is sufficient since bands are dispersionless in this direction (ensured by the converged
thickness of vacuum). For the bulk reference system, the number of k-points in this
direction was converged to the value of two. Increasing the k-point grid of the surface
subsystem (bulk subsystem) to 20×20×1 (20×20×3) showed that the total energies are
converged at a level of 1meV/atom. The Green’s function was evaluated for 16 complex
points distributed exponentially on a semicircle including states below the Fermi level.
For the particular case of Fe we also carried out DFT calculations with the
full-potential local-orbital scheme, FPLO-9.01-35 [87] and PBE. The convergence
of numerical parameters and the basis was carefully checked. Linear-tetrahedron
integrations with Blo¨chl corrections on a 12 × 12 × 1 (12 × 12 × 3) mesh in the full
Brillouin zone for the surface subsystem (bulk subsystem) were sufficient to converge
the total energy at a level of 1meV/atom compared to a 18×18×1 (18×18×5) mesh.
The valence basis of Fe comprised 3spd, 4spd, and 5s states.
Ferritic Fe-Cr crystallises in the bcc crystal structure, and the (100) surface was
reported to be the most stable facet [13]. In case of EMTO, we modelled this surface by a
slab with a converged thickness of 13 atomic layers (approximately 18 A˚) and separated
by vacuum with a thickness of nv = 7 (approximately 10 A˚). A somewhat larger surface
subsystem with nm = 19 and nv = 7 was required to yield converged surface parameters
in case of FPLO. The symmetry of the slabs includes a mirror plane parallel to the
(identical) surfaces.
Surface geometries may differ from ideally truncated bulk crystals since relaxation
and reconstruction may occur. Surface reconstruction on the close-packed surfaces of
the transition metals is rather uncommon [88], however relaxation of the surface layer
and of subsurface layers is frequently observed. Results of [89] and references therein
indicate that layer relaxations of the most stable (110) and the second most stable
(100) surface facets of Fe are minor and change the corresponding surface energies in
the order of 1% (cf. literature values in table 2). Punkkinen et al recently compared
the surface energy and the surface stress of the most stable surfaces facets of Fe and Cr
for non-relaxed geometry with values of fully relaxed surface geometries [36]. Due to
the enhanced surface magnetism in both systems, relaxations have only a minor effect
and they were found not to markedly alter the surface energy and the surface stress. We
expect for the same reasons that the surface geometry of the bcc (100) surface of Fe-Cr
remains close to the truncated bulk one. To further support this point, we computed the
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surface-layer relaxation of the bcc (100) surface of Fe and of Fe-Cr (up to 20 at.% Cr)
with EMTO. We found a relative change in length of the interlayer distance of −2.2%
for Fe (inward relaxation) and an accompanied reduction of the surface energy by 1.5%.
The available experimental data for Fe as obtained from low-energy electron diffraction
on the top-layer relaxation of the bcc (100) surface of Fe is ambiguous with values of
+0.5% and −1.4±3%, both from [90], and −5±2% from [91]. For Fe-Cr, the interlayer
distances reduce between 2.6% to 2.7% and the surface energies decrease the most for
Fe80Cr20 by 1.4% and the least for Fe95Cr05 by 1.2%. Based on these arguments, we
conclude that relaxation is a minor effect in Fe and Fe-Cr and we held fixed all atomic
positions to the ideal bcc lattice sites for the results presented in section 4.
The total energies as a function of strain, cf. (5a) and (5b), were computed in a
strain interval of |ǫ| = 0.02.
Table 1. Influence of the choice of the size of the surface subsystem, characterised
by nm, and the strain interval for elastic energy fits, |ǫ|, for the surface parameters of
the (100) surface facet of Fe. The surface parameters of the reference system, given
by nm = 13 and |ǫ| = 0.02, are highlighted in boldface. The absolute difference ∆ as
well as the relative change in % in parenthesis are specified, and stated at the end of
each row and at the end of each column for a decrease of |ǫ| from 0.02 to 0.01 and
an increase of nm from 13 to 15, respectively. γ, τ , and the absolute difference are in
units of J ·m−2. In all cases nv = 7.
nm surface energy γ surface stress τ ∆
|ǫ| = 0.02 |ǫ| = 0.01
13 2.615 0.57 0.50 -0.07 (-12)
15 2.626 0.51 0.56 0.05 (10)
∆ 0.011 (0.4) -0.06 (-11) 0.06 (12) -
We conclude this section by establishing the precision of the calculated surface
parameters in EMTO with respect to the selected size of the surface subsystem
(nm = 13) and the strain interval (|ǫ| = 0.02) using the example of Fe. The previous
set of numerical parameters define the reference system, which we consider to yield
converged surface related quantities in this work. The surface energy and the surface
stress of Fe were computed for a larger surface subsystem (nm = 15) on the one hand, and
the surface stress was fitted to total energies from a narrower strain interval (|ǫ| = 0.01)
on the other hand. Table 1 lists both the absolute values of the surface parameters
and the change (∆) with respect to the reference set of surface parameters. Apart from
pure Fe, we assessed the precision for several alloy concentrations of Fe-Cr in the same
way, and noted that the tabulated ∆’s in table 1 represent characteristic values for all
concentrations tested. ∆ may be used to define the precision of our calculation with
respect to the choices of nm and of |ǫ|, which is hence of the order of 0.01-0.02 J ·m
−2
for surface energies, and approximately 0.04-0.08 J ·m−2 for surface stresses. The energy
scale for surface stress calculations is roughly one order of magnitude smaller than the
one for surface energy calculations which explains the difference in the corresponding
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∆’s.
Due to the neglect of ASRO in this work, we model a chemically homogeneous bulk
alloy, i.e., there is no spatial probability (composition) dependence of the distribution
of the alloys components. First we consider an ideally truncated bulk system, i.e., a
system with surface, for which no atomic redistribution (segregation) occurs. Hence the
surface composition is identical to the one in the bulk for all compositions. Second, we
allow for a change of the surface chemistry.
4. Results and discussion
4.1. Surface parameters of Fe
For the theoretical equilibrium lattice parameter of ferromagnetic (FM) bcc iron, we
obtained 2.837 A˚ and for the spin moment a value of 2.21µB. This is to be compared
to experimental values, 2.867 A˚ [92] and 2.21µB for the total magnetic moment [93].
Table 2 lists the surface energy and the surface stress of the bcc (100) surface of
FM iron as calculated in this work and compared to available data from the literature.
The multitude of comparable ab initio data from full-potential (FP) and projector-
augmented-wave (PAW) methods allows to draw conclusions on typical scatter of surface
energy and surface stress calculations, as well as a critical evaluation of the present
results. Concerning the surface energy of Fe, the only outlier seems to be the value
obtained with FPLO, since the remaining surface energies scatter in the range of
approximately 2.3-2.6 J · m−2. The particular choice of the gradient corrected density
functional may have an effect on the surface energy as all PBE values are larger than
the values obtained with the parametrisation of Perdew et al [94, 95]. Our EMTO
value of γ = 2.62 J ·m−2 is in close agreement to the PAW and the FP linear augmented
plane wave (FP-LAPW) results of Punkkinen et al . The too high surface energy
from FPLO may be related to a too strongly contracted wave function at the bulk-
vacuum interface, cf., e.g., the analysis in [96]. Concerning the surface stress of bcc
Fe, the FP and PAW values scatters in the range of approximately 1.1-1.4 J · m−2.
The EMTO value, τ = 0.57 J · m−2, is comparatively small and may thus indicate a
systematic underestimation of the surface stress in Fe and the Fe-based system. This
underestimation may be ascribed to the muffin-tin approximation to the one-electron
potential.
The experimental value of the surface energy of Fe from [97], γ = 2.41 J · m−2,
is estimated from surface stress measurements of the liquid-vacuum interface at the
melting temperature and surface stress measurements of the liquid-solid interface, and
extrapolated to T = 0K.
Because of the reduced coordination number, the magnetic moment of Fe at the
surface is enhanced compared to the bulk. We obtained a surface magnetic moment of
2.97µB in very close agreement with a recently reported value, 2.96µB [12]. Calculations
of Punkkinen et al [36,37] suggested an almost linear relationship between the magnetic
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Table 2. Surface parameters of the bcc (100) surface facet of FM Fe. All methods
employed gradient corrected density functionals.
method surface energy γ surface stress τ references
(J ·m−2) (J ·m−2)
EMTO, PBE 2.62 0.57 this work
FPLO, PBE 3.09, 3.07a 1.15 this work
PAW, PBE 2.55b, 2.50a 1.39a [37]
FP-LAPW, PBE 2.6b - [37]
PAW, GGA [94,95] 2.48, 2.47a - [89]
PAW, GGA [94,95] 2.32, 2.29a - [98]
experiment 2.41c - [97]
asurface layer relaxation included
bestimated from figure
cestimated at T = 0K
moment enhancement, ∆m2, and the magnetic surface stress, τmag, on the basis of their
computed surface stresses for the most stable surfaces of magnetically ordered Cr, Mn,
Fe, Co, and Ni, i.e.,
τmag ∝ ∆m
2 = m2surf −m
2
bulk, (7)
where msurf and mbulk are the magnetic moments at the surface and in the bulk,
respectively. The magnetic contribution to τ , τmag, is defined as the difference
between the nonmagnetic and the magnetic values of τ , that is evaluated without spin-
polarisation (τnsp) and with spin-polarisation (τsp) for identical surface geometry, viz.
τmag = τnsp− τsp. The geometry of the spin-polarised system is the reference state if not
stated otherwise. The above proportionality was verified for elements with FM order
(Fe, Co, and Ni) and anti-ferromagnetic (AFM) order (Cr and Mn). The present EMTO
values for FM Fe are ∆m2 = 3.91µ2B and τmag = 3.14 J ·m
−2, respectively, which fit very
well to the correlation established by Punkkinen et al (see figure 3 from [36]).
4.2. Chemically homogeneous Fe-Cr alloy
First we consider the case of chemically homogeneous surface alloys, i.e., it is assumed
that the chemical composition at the surface is identical to the bulk composition.
4.2.1. Lattice constants and surface parameters The theoretical equilibrium lattice
parameters of ferritic Fe-rich Fe-Cr alloys (0-20 at.% Cr) were previously calculated with
EMTO-CPA and discussed in detail in [71–75]. Since our computed lattice parameters
practically reproduce these earlier results, we refer the reader to those references. It is,
however, important to point out the non-linear behaviour of the lattice parameter of
the Fe-Cr system.
In the atomic concentration range of 0-20 at.% Cr, we identify a clear trend of the
concentration dependence of all surface parameters in Fe-Cr alloys, see figure 1. The
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surface energy increases monotonically by 0.33 J·m−2 for an increase of the concentration
of Cr from 0 to 20 at.%. This trend is not entirely unexpected since the surface energy
of the non-relaxed bcc (100) surface facet of Cr was found to be larger by 0.5-0.8 J ·m−2
in theory than the one of Fe. [37] That is, the surface energy of the disordered alloy
with low Cr content (0-20 at.% Cr) follows a monotonic trend (rule of mixing) given by
the boundary values of pure Fe and pure Cr (the exact PAW values from [37] for the
relaxed surface are 2.50 J ·m−2 for Fe and 3.06 J ·m−2 for Cr).
In previous theoretical considerations for the most stable surfaces [36, 37], the
surface stress of Cr was reported to be 1.9 J ·m−2 smaller than the corresponding value
of Fe for relaxed surface geometries and likewise was the difference for non-relaxed
geometries. As further stated, this difference amounts to 1.7 J · m−2 if specifically the
relaxed bcc (100) surface facet is considered (the exact PAW values from [37] for the
relaxed surface are 1.39 J·m−2 for Fe and −0.32 J·m−2 for Cr). Since relaxation seems to
have a similar effect on τ for both elements for the most stable surface, it is reasonable
to assume that the effect of relaxation on τ for the (100) surfaces of Fe and of Cr are
also similar. Hence, the surface stress of the non-relaxed bcc (100) surface of Cr is
presumably still considerable smaller than the one of Fe (roughly by 1-2 J · m−2). On
this ground, we expect an overall decrease of the surface stress of Fe-Cr with increasing
Cr content. Our findings in the dilute Cr concentration range are however contrary
to this expectation (figure 1). In the range up to 10 at.% Cr in the iron matrix, the
surface stress strongly increases to a maximum value of 1.78 J ·m−2 being approximately
1.25 J · m−2 larger than the corresponding value of Fe. τ levels off for concentrations
higher than 10 at.% Cr.
The third surface-characteristic quantity depicted in figure 1 is the excess surface
stress, |τ − γ|. It evidently decreases strongly in the concentration range up to 10 at.%
Cr relative to the value of pure Fe, which is mainly due to the accompanied increase
of τ . For Cr concentrations above 10 at.%, |τ − γ| remains almost unchanged. The
surface reconstruction is predicted to occur when the excess surface stress becomes larger
than the characteristic surface strain energy associated with the reconstruction [53,54].
The latter may be expressed in terms of the shear modulus and the Burgers vector.
Now, taking into account that the elastic moduli of Fe-Cr alloys show a rather weak
composition dependence for the present concentration interval [74], one may conclude,
that the (100) surface of Fe-rich Fe-Cr alloys is considerable more stable against
reconstruction than the surface of pure Fe.
4.2.2. Magnetism and magnetic surface stress The magnetic structure of ferritic Fe-
Cr is governed by interactions between Fe atoms, that prefer to align their magnetic
moments in parallel, and Cr atoms, that favour an anti-parallel alignment. Its energetics
is rather well described within collinear magnetism of fixed Ising spins [25,73,75]. In the
iron-rich ferritic Fe-Cr alloys, the moment at Cr sites are coupled anti-parallel to the ones
of Fe necessarily implying that they are aligned in unfavourable parallel orientation with
respect to other Cr atoms. In the dilute limit, however, the average Cr-Cr distance is
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Figure 1. Surface parameters (in units of J ·m−2) of chemically homogeneous Fe-rich
Fe-Cr alloys (0-20 at.% Cr): (top panel) surface energy γ, (middle panel) surface stress
τ , (bottom panel) excess surface stress |τ − γ|. Lines are a guide to the eye.
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large and their mutual interaction energy small [14,15]. The EMTO-CPA spin moment
at Cr is −1.62µB on the impurity level. This calculation was done with 0.05 at.% Cr. A
negative sign of the magnetic moment indicates an antiparallel alignment with respect
to the moment of Fe which was defined to possess a positive sign. Klaver et al obtained
a slightly larger spin moment of Cr in the dilute limit, −1.8µB, calculated with the PAW
method and PBE for a super cell with an effective Cr concentration of 0.19 at.% [15].
Thus, a Cr atom in a surrounding Fe matrix at very low Cr concentrations is much
stronger polarised than in AFM ordered pure Cr (the experimental spin moment of the
long wave spin-density ground state of Cr is approximately 0.59µB).
Within the random solid solution description provided by EMTO-CPA, increasing
the Cr concentration beyond dilute levels results in a gradual loss of the modulus of the
magnetic moment at Cr sites while the Fe spin moment hardly changes, see figure 2.
These findings are in line with previously published theoretical assessments within the
CPA [70, 73]. This concentration dependent effect on the Cr moments seems to be
well understood on the basis of an increased number of unfavourable Cr-Cr interactions
(frustration) with increasing number of Cr atoms in the Fe matrix. The total net
magnetic moment of the alloys decreases in the same concentration interval (figure 2).
As reported in [73], the total net magnetic moment of Fe-Cr obtained in the CPA is in
close agreement with the measured net magnetic moments in the FM phase of Fe-Cr.
Klaver et al and Korzhavyi et al showed by means of the super cell technique, that
clustering of Cr atoms in Fe-Cr in the concentration range ≤ 20 at.% Cr leads to a
reduction of the absolute value of the Cr magnetic moments in comparison to dispersed
Cr atoms due to frustration [15, 75]. As mentioned above, the onset of clustering of
Cr atoms can be connected to the experimentally determined inversion of the ASRO
parameter at approximately 6 at.% Cr [81, 82] or at approximately 11 at.% Cr [79, 80].
Both the magnetic moments of Fe atoms and of Cr atoms located at the surface
are enhanced with respect to their bulk values. The EMTO-CPA magnetic moment
of Cr located at the surface in the dilute limit amounts to −3.11µB being thus even
larger in absolute value than the corresponding value of Fe (2.96µB). We realise from
figure 2 that Fe moments in the surface layer and in the bulk change little as a function
of concentration in contrast to the magnetism at the Cr sites. The modulus of the spin
moment of a Cr atom localised at the surface undergoes a slight decrease in the range of
increasing Cr content from 0 to 20 at.%, which is in fact similar to the reduction of the Fe
surface moment. The different behaviours of the Cr-Cr interaction is due to the different
average distance between two Cr atoms at the surface and in the bulk (for the same
concentration it is larger at the surface) and the interaction energy which scales with
the number of atoms in nearest neighbour shells (which is larger in the bulk) [14]. As
discussed above, the absolute value of the bulk Cr moment drops considerably resulting
in a drastically higher moment enhancement of Cr at the surface. This strong moment
enhancement is in fact a propensity of atoms in the surface layer only; Fe and Cr
magnetic moments in subsurface layers of the bcc (100) surface possess almost bulk
values [12, 14].
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Figure 2. Magnetism in Fe-Cr alloys for the chemically homogeneous surface and
bulk reference systems. Top panel: site resolved spin magnetic moments in the bulk
and at the surface; bottom panel: concentration averaged spin magnetic moments in
the bulk and at the surface, and the difference between surface and bulk magnetic
moments. EMTO-CPA calculations on the impurity level were done for 0.05 at.% Cr.
Lines are a guide to the eye.
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Figure 3. Contributions of Fe and Cr to the surface moment enhancement, ∆m2,
weighted by their atomic concentration (left-hand ordinate) and magnetic surface stress
τmag (right-hand ordinate) for the chemically homogeneous reference systems. Note
that τmag equals the indicated τmag from figure 1. Lines are a guide to the eye.
As a consequence of the distinct moment behaviours of the individual alloys
components, the total net surface moment of the alloy diminishes more pronounced than
the total net bulk moment (figure 2). Their difference drops to zero at approximately
20 at.% Cr, i.e., the net surface moments equals the net bulk moment. We suggest that
the changes in the magnetic structure determine the trends of γ and τ as we argue
below.
To understand the contribution of magnetism to the noticed behaviour of surface
parameters we return to figure 1 where we included data of non-spin-polarised
calculations as well. These were done for exactly the same geometry as the spin-polarised
calculations. The magnetic contribution to the surface energy, γmag, is likewise defined
to τmag as the difference between the nonmagnetic and the magnetic values of γ. In
agreement with previous investigations for 3d transition metals [35, 36], we find that
magnetism generally reduces surface energies and surface stresses in the case of Fe-Cr.
The magnitude of the magnetic contribution to the stress is clearly larger than its effect
on the surface energy. Furthermore, τmag reduces strongly by approximately 1.3 J ·m
−2
in the concentration range from 0 to 10 at.% Cr while it is approximately constant
for higher concentrations. γmag exhibits the same behaviour, however less pronounced.
These behaviours confirm that changes in the magnetic structure drive the observed
trends of γ and τ .
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Both Fe and Cr are polarised in Fe-Cr, hence both species contribute to τmag. To
better understand their individual contributions, we explore the concentration weighted
surface moment enhancement, that is, we evaluate (7) separately for Fe and Cr and
weight the results by (1− x) and x, respectively. The resulting data in figure 3 signals
a correlation between (1− x)∆m2(Fe) and τmag in the concentration range x ≤ 20 at.%
Cr. The effect of Cr on τmag is strongly diminished since the monotonically increasing
weighted surface moment enhancement of Cr, x∆m2(Cr), is not reflected in the trend
of τmag. Chromium may, however, be associated with the levelling-off of the magnetic
surface stress for Cr concentrations in the range 10% ≤ x ≤ 20%. Thus, in Fe-rich
Fe-Cr alloys the trend of τmag as a function of concentration seems to be dominated by
the magnetism of Fe.
4.2.3. Magnetic pressure Starting from the definition of the magnetic surface stress
(τmag = τnsp − τsp) and using (6), we regroup all appearing terms according to
τmag =
cnspsurf − c
nsp
bulk
4A
−
cspsurf − c
sp
bulk
4A
=
cnspsurf − c
sp
surf
4A
−
cnspbulk − c
sp
bulk
4A
≡ τ surfmag − τ
bulk
mag . (8)
In the previous line, we defined the magnetic stress of the surface reference system, τ surfmag,
and the magnetic stress of the bulk reference system, τbulkmag . Notice that the definition of
τbulkmag does not include any parameter related to surfaces anymore. It quantifies how much
magnetism contributes to the bulk stress and it is thus closely related to the magnetic
pressure known since the advent of band structure theory [99,100]. Magnetic pressure is
for example associated with increased atomic volumes in FM transition metals compared
to what their volumes would be in the absence of spin-polarisation.
The magnetic pressure of the bulk reference system per layer and per particle,
τbulkmag /nm, as a function of concentration for the Fe-Cr system as plotted in figure 4
is non-linear and tensile, indicating that without magnetism the lattice constant, or
equivalently, the Wigner-Seitz radius would be smaller. The order of τbulkmag may be
connected to the difference in the Wigner-Seitz radius, rWS, between the FM Fe-Cr
system and the nonmagnetic Fe-Cr system. Our data shows that the equilibrium
Wigner-Seitz radius of the nonmagnetic Fe-Cr system follows a linear concentration
dependence, i.e, Vegard’s rule (rWS(Fe1−xCrx) ∼ (1 − x)rWS(Fe) + xrWS(Cr)), with
rWS(Cr) > rWS(Fe). As mentioned in the beginning of Sec. 4.2.1, the equilibrium
Wigner-Seitz radius of the FM Fe-Cr system changes non-linearly as a function of the
Cr concentration. The difference in the equilibrium Wigner-Seitz radius between the FM
Fe-Cr alloy and the NM Fe-Cr alloy, ∆rWS, is plotted in figure 4. We find that τ
bulk
mag and
∆rWS are strongly correlated: τ
bulk
mag as a quantitative measure for the magnetic pressure
in the bulk Fe-Cr system correlates with the deviation of the equilibrium Wigner-Seitz
radius from Vegard’s rule.
Surface parameters of ferritic iron-rich Fe-Cr alloy 16
0 5 10 15 20
at.% Cr x
1.1
1.2
1.3
1.4
1.5
1.6
τb
ul
k\
su
rf m
ag
/n
m
 
[J/
m2
]
bulk reference
surface reference
0.06
0.07
0.08
∆r
W
S 
[B
oh
r]
Figure 4. Correlation between the magnetic stress of the chemically homogeneous
bulk and surface reference systems per layer and per particle (left-hand ordinate) and
the difference in the equilibrium Wigner-Seitz radius between the FM Fe-Cr system
and the non-polarised Fe-Cr system (right-hand ordinate). Lines are a guide to the
eye.
The magnetic pressure of the surface reference system (τ surfmag) tells us about the
effect of magnetism at the surface on τ compared to a magnetism-free surface. The
surface reference systems, however, include bulk-like contributions, as effects due to
the presence of a surface decay towards the interior of the surface reference systems
which thus become gradually more bulk-like as the distance to the surface is increased.
Therefore τ surfmag and ∆rWS are also correlated in the same way as τ
bulk
mag and ∆rWS are, see
the plot of τ surfmag/nm in figure 4. The differences between τ
surf
mag and τ
bulk
mag , i.e., both the
absolute value and the trend as a function of x, are ascribed to both the spin-polarised
and the non-spin-polarised surfaces. It is interesting to note that the maximum of τ surfmag
seems to be well below 5 at.% Cr while it is above 5 at.% Cr for τbulkmag .
Magnetism is the driving force for the enlarged lattice parameters of the FM Fe-Cr
system compared to the non-polarised model system. Magnetism leads on the other
hand to increased magnetic stresses of the bulk and the surface systems. Magnetic
stresses are compressive, i.e., have a tendency to expand the lattice. According to
figure 4, τ surfmag is larger than τ
bulk
mag , i.e., the magnetic contributions to τ favour a larger
surface lattice parameter than in the bulk.
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4.3. Chemically inhomogeneous Fe-Cr alloy
There is experimental and theoretical evidence for segregation on Fe-Cr surfaces.
According to first-principles calculations of Ropo et al for the equilibrium segregation
profile of the (100) surface at various temperatures, the surface chemistry seems to be
determined by the bulk configuration which leads to the peculiar threshold behaviour at
approximately 10 at.% Cr bulk content [13,14]. Below this value, the thermodynamically
most stable (100) surface was found to be essentially Fe-terminated in agreement with
first-principles surface segregation calculations of Cr in Fe-rich Fe-Cr [16], while this
surface facet is enriched in Cr to even higher than bulk concentrations above this
threshold up to approximately 17 at.% Cr in the bulk. Owning the complexity of these
calculations only the surface layer concentration was variable.
Since one nevertheless may expect that the (magnetic) contributions to both excess
quantities originate from the topmost layers on every surface, we have good reasons
to believe that changing only the Cr concentration of the surface layer captures the
dominant effect on the trends of both surface energy and surface stress with surface
alloying. It is then of course of interest to track how these surface parameters behave
and accordingly how the stability of the surface is affected.
The surface energies for chemically inhomogeneous concentration profiles {xα} of
binary A1−xBx alloys are obtained according to [17, 101],
γ({xα}) =
Ensurf({xα})−
nm
n
Enbulk(x)
2A
−
∆µbulk(x)
∑nm
α=1(xα − x)
2A
, (9)
where {xα} = x1, x2, . . . , xnm denotes the concentration of the B element within the
layer α perpendicular to the surface, x1 and xnm being the concentrations of the two
surface layers and xi = xnm−i+1 due to the symmetry of the slab. The bulk effective
chemical potential, ∆µbulk(x), equals the difference of the chemical potentials of the two
alloy components in the bulk and is derived from the bulk energy (per atom), viz.
∆µbulk(x) =
dEbulk(x)
dx
. (10)
The surface stress of the bcc (100) surface facet for a chemically inhomogeneous
concentration profile is then obtained by, using (4) for the n-layer slab,
τ({xα}) =
1
4A
(
∂(Ensurf −
nm
n
Enbulk)
∂ǫ
∣∣∣∣
ǫ=0
(11)
−
∂ (∆µbulk(x)
∑nm
α=1(xα − x))
∂ǫ
∣∣∣∣
ǫ=0
)
.
In this work, we are mostly interested in identifying trends that arise if the
homogeneous concentration profile is altered towards a chemically inhomogeneous
profile. Here we were guided by the aforementioned computed equilibrium profile at
T = 0K for the bcc (100) surface of Fe-Cr as reported by Ropo et al [13, 14], i.e., the
concentration profiles are variable in the surface layer concentration, x1 (x1 = xnm),
Surface parameters of ferritic iron-rich Fe-Cr alloy 18
0 2 5
surface at.% Cr x1
2.660
2.665
2.670
2.675
su
rfa
ce
 e
ne
rg
y 
γ [
J/m
2 ]
(a)
Fe95Cr05
1.24
1.26
1.28
1.30
su
rfa
ce
 st
re
ss
 τ
 
[J/
m2
]
5 10 15
surface at.% Cr x1
2.71
2.72
2.73
2.74
su
rfa
ce
 e
ne
rg
y 
γ [
J/m
2 ]
1.77
1.78
1.79
su
rfa
ce
 st
re
ss
 τ
 
[J/
m2
]
(b)
Fe90Cr10
Figure 5. Surface parameters of Fe-rich Fe-Cr alloys with chemically inhomogeneous
concentration profiles for two distinct bulk alloy systems, (a) Fe95Cr05 and (b)
Fe90Cr10, as a function of the concentration of Cr in the surface layer, x1. Lines
are a guide to the eye.
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and all other concentrations are fixed to the bulk value, x2 = x3 = . . . = xnm−1 = x.
Two distinct bulk alloy systems, Fe95Cr05 and Fe90Cr10, were selected. The former has a
predicted equilibrium surface concentration of 0 at.% Cr, i.e., a surface Cr concentration
lower than the bulk one, and the latter possesses a predicted equilibrium surface
concentration of 15 at.% Cr, i.e., a surface Cr concentration larger than the bulk one.
For the Fe95Cr05 bulk alloy system, we thus monitored γ and τ with gradual reduction
of the Cr surface concentration from 5 to 0 at.%. For the Fe90Cr10 bulk alloy we varied
the Cr amount at the surface between 5 and 15 at.%.
The effective chemical potential depends on the strain (11). Applying a strain of
the size ǫ = ±0.02 led to a relative change of |∆µbulk(x)| of approximately 10
−5. Since∑nm
α=1(xα − x) = 2(x1 − x) is at most 0.1 in the present work, the second term in (11)
containing the effective chemical potential is approximately by a factor of 10−3 smaller
than the first one for the current system. Thus, we assume that the strain dependence of
the effective chemical potential can be neglected, and τ is again obtained from (6). Thus,
the coefficient csurf is the one for the chemically homogeneous system with fixed bulk
concentration x. This seems reasonable since the surface chemistry should not affect
the bulk contributions to the surface stress. We recall that csurf should be identically
zero at bulk equilibrium.
The surface parameters for the two different bulk alloy systems are compiled in
figure 5. For the Fe95Cr05 bulk alloy, we identify the following trend for the spin-
polarised calculations: less surface Cr reduces both the surface energy and the surface
stress, i.e., the Cr free surface possesses the lowest surface energy and the lowest surface
stress. The excess surface stress (not shown) increases slightly by 0.02 J ·m−2 when the
surface Cr concentration is reduced from 5 at.% to 0 at.%. The bulk alloys containing
10 at.% Cr show different behaviours: the richer the surface in Cr is the smaller is the
surface energy and the larger is the surface stress. As a result of these trends, the excess
surface stress of the surface with x1 =15 at.% Cr is by 0.03 J ·m
−2 more stable than the
low-Cr surface.
Our data show that an Fe-rich surface has the lowest surface energy for a bulk
concentration below the anticipated threshold concentration, while above this threshold
a Cr-enriched surface possesses the lowest surface energy. This finding is in qualitative
agreement with calculations for the surface energy of the bcc (100) facet of Fe-
Cr from [14] done for fixed x1 = {0, 10} at.% Cr and variable bulk concentration.
Recalling that the global trend of γ as a function of the bulk Cr concentration shows a
homogeneously increasing tendency in x (figure 1), we realise that changing the surface
composition may alter this picture, as in the case of the Fe90Cr10 alloy.
We find for the investigated inhomogeneous surfaces, that a larger amount of Cr
in the bulk and at the surface increases the surface stress τ and decreases the magnetic
surface stress τmag (data for the inhomogeneous surface is not shown). That is, Cr
addition drives the tendency towards smaller in-plane lattice constants at the surface
compared to the bulk, and Cr addition has a tendency to reduce the compressive
magnetic contribution to the total surface stress.
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5. Conclusion
Using the EMTO method and the CPA we computed the surface energy, the surface
stress, and the excess surface stress of the thermodynamically most stable surface facet
(100) of the homogeneous disordered bcc Fe-Cr system in the concentration interval
up to 20 at.% Cr. We found that the surface energy increases monotonically with Cr
addition thereby following the rule of mixing. An increase of the bulk amount of Cr
also increases the surface stress, which is unexpected, since the surface stress of Cr is
considerably smaller than the one of Fe. As a result of this surprising trend, the excess
surface stress reduces with increasing Cr concentration meaning that the (100) surface
of Fe-Cr becomes more stable against reconstruction than the same surface of Fe.
The reduction of the compressive magnetic contribution to the total surface stress
(magnetic surface stress) was identified to dominate this increase of the surface stress.
We showed further that mainly the magnetic moment enhancement of Fe is correlated
with the behaviour of the magnetic surface stress. Thus, we conclude that mainly the
magnetism of Fe in Fe-Cr up to 20 at.% Cr is responsible for the unexpected trend of the
surface stress. Since the surface stress of pure Cr low-index surface facets is much smaller
than the one of pure Fe (which was previously shown to be due to magnetism), we expect
that Cr replaces Fe to dominate the magnetic surface stress for larger concentrations
than 20 at.% Cr.
We also investigated the impact of surface segregation on the surface parameters for
the Fe95Cr05 and Fe90Cr10 alloys. The former was previously shown to be Fe-terminated
while the latter was shown to be enriched in Cr in vacuum [13, 14]. Varying only the
concentration of the surface layer, we established the following trends: a larger amount
of surface Cr increases the surface stress for both systems, while Cr addition raises
(lowers) the surface energy for the bulk Fe95Cr05 (Fe90Cr10) alloy.
For all investigated chemically homogeneous and inhomogeneous disordered surface
profiles, a larger amount of Cr in the alloy favours a smaller in-plane lattice constants
at the surface than in the bulk, and the addition of Cr shows a tendency to reduce the
compressive magnetic contribution to the total surface stress.
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